Abstract: In this article we present the results of investigating a suggested guide extraction system utilizing both a thermal and a cold moderator at the same time, the so-called bi-spectral extraction. Here, the thermal moderator has line of sight to the sample position, and the neutrons from the cold source are reflected by a supermirror towards the sample.
The work is motivated by the construction of the European Spallation Source (ESS) but the results are general and can be used at any neutron source. Due to the long pulse structure, most instruments at ESS will be long, often exceeding 50 m from moderator to detector. We therefore investigate the performance of bi-spectral extraction for instrument lengths of 30 m, 56 m, 81 m and 156 m. In all these cases, our results show that we can utilize both moderators (and thus high intensity in a wide wavelength band) in the same instrument at a cost of flux of 5-25 % for neutrons with wavelength larger than 1 Å. In general, the divergence distribution is smooth at the sample position.
Introduction 1
The long-pulsed European Spallation neutron source, the ESS, is presently 2 in planning [1] . Due to the long pulse, most instruments will be long, ex- Bi-spectral extraction, as first proposed by is be- 10 ing considered for several instruments. This system is already implemented 11 at the EXED [8] beam line at HZB, and is shown to work well with straight 12 guides. However, there has been much discussion whether bi-spectral extrac-13 tion will work equally well with elliptic guides, which is the subject of this 14 work.
15
A sketch of uni-and bi-spectral extraction is given in Fig. 1 . For detailed 16 information about uni-spectral extraction, see e.g. the work of Klenø et. al
17
[2].
18
In the bi-spectral extraction system, a cold and a thermal moderator are to pass through the mirror into the guide. As discussed below, supermirrors 
52
In the following we will briefly outline the instrument, and discuss which 53 parameters are fixed and which are optimized in these simulations.
54
The moderator characteristics used are the standard ESS sources provided direction. This angle is optimized in the simulations.
62
The sample is 1 × 1 cm 2 and is placed 0.5 m from the end of the elliptic 63 guide.
64
The implementation of the elliptic guide in these simulations is the one 65 designed by Kaspar Klenø [2], consisting of 50 Guide gravity components.
66
The coating of the guide and the mirror plays a crucial role in these simulations. The standard description of the reflectivity in version 1.12c
McStas assumes constant reflectivity for q < q c (we here use R 0 = 0.99), a linear decrease of reflectivity with a certain slope, α (typically α = 3.5)
followed by a sharp cutoff with width W around mq c , where 1 < m < 7 is the m-value of the mirror:
It turns out that the linear decrease in this model is too simple and does not accurately describe real mirrors. To improve the description, reflectivity curves for 7 state-of-the-art mirrors with different m-values, provided by Swiss Neutronics [18] , were fitted to the following generalization of the model
The values of α, β and W were extracted and found to a good approximation 
91
The optimal values for the horizontal and vertical focal points and small 92 axis widths all depend on the exact set-up and figure of merit for the sim- c.
99
Perhaps the most important component in these simulations is the mir- 
119
Correct propagation of the neutrons is thus realized by a generalization of 120 the method described in [22] .
121
We have investigated the effect of curving the mirror, and have come to 122 the conclusion that almost no gains are possible. We have also tried varying 123 the m-value along the mirror, also with no gains. To limit the investigated 124 parameter space, we therefore work with a flat mirror with the same m-value 125 throughout.
126
For the VITESS simulation, the same moderator and material charac-127 teristics were used. The only difference is that the thickness of the su-
128
permirror layer on the mirror is not explicitly considered. The module 129 supermirror ensemble has been used to simulate the mirror and the guide 130 system around the mirror.
131
We have analyzed this set-up using several different figures of merit. First of all, the instrument will be compared to the standard uni-spectral extraction. In general, the usable wavelength bands, δλ, depend on the length of the instrument and the time structure of the source according to
where T is the moderator period (T = 71.4 ms for ESS), L is the length of where the brilliance is the same for the two moderators, is of special interest.
143
We have therefore also optimized the set-up within 1-4Å, here named the 144 'bi-spectral' wavelength band.
145
Each of these optimizations have been carried out for three different limits 146 for the divergence at the sample position, as previously studied by e.g. Ref.
147
[2] : ±0.5
• , ±1.0 • and ±2.0
• . This gives a total of 36 optimizations of bi-148 spectral extraction and 24 optimizations of uni-spectral extraction.
149
Optimizing absolute intensities does not produce satisfactory results, as 150 the intensity of 1.5Å is much higher than e.g. 5Å neutrons. We have 
We note again that Liouville's theorem [9] states that the brilliance trans- 
162
The majority of the results will be given in terms of brilliance transfer 163 instead of absolute intensities, and are therefore of general validity, also for 164 other sources than ESS. and efficiency compared to uni-spectral extraction.
In the lower panel, the brilliance transfer and efficiency are plotted. Ef-
172
ficiency at a given wavelength is defined as the performance compared to an 173 optimal uni-spectral elliptic guide, and mainly serves to judge the perfor-174 mance below 1Å, where the brilliance transfer drops quickly to zero.
175
In this example we see that it is possible to obtain brilliance transfers ex- In Fig. 5 we give an overview of the performance for all the optimizations It is not quite possible to reach the performance of two combined uni-spectral 196 sources throughout the interesting wavelength band, but we can reach 75%
197
in the overlap region and up to 95% elsewhere.
198
For neutrons with divergence larger than ±0.5
• , brilliance transfers within 199 50-75% can be obtained.
200
In some cases, the optimal settings found by the optimizer is the same 201 for all three figures of merit, and thus one or two of the data sets are not 202 visible. reason is that, contrary to e.g. Ref.
[2], the cross-section of the guide is 224 not forced to be square. This extra freedom in parameter space has been 225 added because the horizontal and vertical directions are not a priori equal.
226
Secondly, the mirror distorts the divergence in the horizontal direction, and 227 thirdly gravity has a small effect on the vertical direction.
228
In Fig. 7 , the same results are shown for an optimization in which the 229 cross section of the guide has been forced to be square. Here, the divergence 230 in the horizontal-direction is not at all pretty, and the intensities are smaller
231
by 5-10%. The loss in intensity can be tolerated, but the uneven divergence 232 distribution could be a problem. We can thus conclude that to limit the 233 negative effects of the mirror, the guide cross section must be rectangular 234 instead of square. In Fig. 8 we further investigate the 156 m instrument shown in Fig. 3 237 and 6, i.e. optimized for low divergence within the 'full' wavelength band.
238
We focus on 3 wavelengths: 1.5Å (top), 2.5Å (center) and 5Å (bottom). 
262
Thus, the dimensions of the guide at the start are 2.7 × 6.4 cm 2 , while 263 at the exit they are 1.9 × 3.3 cm 2 . It is interesting to note that the optimal 264 position of the mirror is outside the guide as shown in Fig. 1 (c) ; this was 265 not anticipated from the first results of this work.
266
In Fig. 9 we show the same plots for the 30 m instrument shown in 
284
Thus, the dimensions of the guide at the start are 2.6 × 7.2 cm 2 , while at 285 the exit they are 2.0 × 5.8 cm 2 .
286
Here, it is worth noting that the width of the guide is quite small. 4. Discussion and conclusion
288
We have investigated bi-spectral extraction through elliptic guides for is required by many instrument designers.
296
The figures of merit for these simulations are intensity of neutrons at the 
324
It is interesting to note that most of the mirror is placed outside the 325 guide: even when the starting parameters for the optimizations were with 326 the mirror firmly inside the guide, as in Fig. 1 b, the optimizer would converge 327 to having the mirror outside the guide, as in Fig. 1 
